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Summary 
Growth stress in 9-year-old plantation-grown Eucalyptus dunnii was assessed by measuring 
longitudinal growth strain. Strain varied considerably (370 to 1560 µm m-1) and was 
sufficiently heritable (h2=0.3–0.5) that tree breeding may be an effective way to reduce the 
indicence of growth stress in this species.  Although the formation of longitudinal growth 
strain appears to be under strong genetic control (P=0.0015), there was a tendency for tall thin 
trees to exhibit higher stress than short thick trees (P=0.025 for height/diameter ratio). Two 
provenances and three families identified in this study show potential as superior material for 
further tree breeding. 
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Introduction 
Eucalyptus dunnii Maiden (Dunn’s white gum, Benson and Hager 1993) is a relatively new, 
but increasingly important plantation species in eastern Australia. Over 10,000 ha of E. dunnii 
plantations have been established in NSW, and it remains one of the favoured species for 
planting, with some 40% of current plantings in north-east NSW and south-east Queensland 
using this species. Although it forms a crucial component of the long-term supply to the 
sawlog industry, this emerging plantation resource remains untried by industry. 
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The Regional Forest Agreements in 2000 (Davey et al. 2002), and the transfer of further State 
Forests to National Parks in NSW in 2003, have increased the need for plantations to supply 
sawlogs to the forest industries. As a result of these decisions, and because of increasing 
demand, there is a shortage of high-quality sawlogs within NSW. The response by 
government has been to establish, and encourage private investment in hardwood plantations 
(e.g. the Plantations 2020 Vision, which aims to increase plantation areas by 2 million ha by 
2020). 
Eucalyptus dunnii, like most eucalypt species, suffers from growth stress that causes 
problems and financial losses in processing sawnwood. Fortunately, there is a great deal of 
natural variation in eucalypts in the propensity for growth stress (Swain et al. 2000; Yang et 
al. 2001), and the trait is heritable (Schacht et al. 1988), so there is scope to address this issue 
through tree breeding. The present study seeks to establish the extent of growth stress in a E. 
dunnii progeny trial, to foreshadow the nature of the future mature timber resource and to 
provide guidance for further tree breeding efforts. While growth stress in 9-year-old trees is 
likely to be greater than that observed in mature sawlogs, the ranking of families with regard 
to this trait is likely to remain unchanged. Thus identifying families with high longitudinal 
growth strain at age 9, and removing these families from seed orchards and ongoing tree 
breeding programs, will contribute to a better sawlog resource in the future. 
Literature 
Growth stress is a major cause of degrade and processing problems in eucalypts (e.g., Jacobs 
1945, Grzeskowiak 2001). Foresters and sawyers have long been aware of these problems, 
and have devised a range of techniques to gauge stress and its impact on wood processing 
(e.g., Jacobs 1945, Boyd 1950, Nicholson 1973, Yang and Hunter 2000, Yang et al. 2005). 
Most of these methods involve cutting the xylem under controlled conditions and recording 
the longitudinal strain that is induced as the stress is relieved. 
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There is a great deal of natural variation in eucalypts in the propensity for growth stress 
(Swain et al. 2000; Yang et al. 2001, working with E. globulus), and the trait is heritable.   
For example, Schacht (1988) found that the heritability of growth stress in E.urophylla, was 
0.8 offering considerable scope to reduce this problem by conventional tree breeding. Few 
sawing studies of plantation-grown E. dunnii have been published, but results to hand suggest 
that as much as one third of sawn material may suffer degrade attributable to growth stress 
(Matos et al. 2003). 
Inferences may also be drawn from comparable studies with other eucalypt species. A study 
of 10-year-old plantation-grown E. globulus (Yang et al. 2002) revealed that 30% of sawn 
boards were rejected due to excessive distortion, and that 40% of this distortion could be 
attributed to growth stress. Distortion varied greatly throughout the study material (Yang et 
al. 2001), and could not be attributed to site or provenance (P>0.1; Yang et al. 2002). 
The now-standard method of measuring growth strain near the cambium of standing trees by 
releasing stress was pioneered by Nicholson (1971; Archer 1986), and has been refined into 
three variants using “CIRAD”, resistance and transducer strain gauges. Bailleres and Yang 
(2003) recently conducted a comparison of the Nicholson, CIRAD and resistance strain 
gauges in eucalypts, and reported advantages and disadvantages of all three methods. 
The CIRAD or French method (Bailleres 1995, 1997; Raymond et al. 2002; Loup 2003) 
couples a Mitutoyo dial gauge with a jig devised by CIRAD, and enables strain to be assessed 
relatively easily. Advantages of this method are that only one hole is required to release 
stress, and that CIRAD provides a standardised “ready-for-use” jig that helps to make 
measurements comparable between different agencies. It has become something of a standard 
in Australia (Raymond et al. 2002), but CIRAD scientists now appear to favour the transducer 
approach (Biesmann et al. 2000; Fournier et al. 1994; Plomion et al. 2000). The “single-hole” 
approach employed by the CIRAD method records an absolute value about twice that 
recorded by the other methods (Yoshida and Okuyama 2002). 
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Resistance gauges are generally thin-film, general-purpose 120 ohm strain gauges measuring 
about 1 x 0.5 mm (such as Kyowa KDG-120-C1-11 gauges; Kikata 1972; Yoshida and 
Okuyama 2002; Yoshida et al. 2000, 2002; Huang et al. 2002). These gauges are glued to the 
xylem, and measured using a strain meter (e.g., Kyowa UCAM-1A) relying on a Wheatstone 
bridge. Strain is measured by making small cuts above and below the gauge to release the 
growth stress. Yoshida and Okuyama (2002) recommended that these cuts should be 
standardized at about 5-10 mm deep and 3-10 mm from the gauge. The length of the cut 
should be about 1.5 times the distance from the gauge (Saurat and Gueneau 1976). 
Transducer gauges are a less intrusive analogue of the resistance gauges. The advantage of the 
transducer approach is that the gauge is attached to the tree with two probes, and need not be 
glued. Recent work with transducers (Biesmann et al. 2000; Fournier et al. 1994; Plomion et 
al. 2000) has used a DD1 strain transducer manufactured by Hottinger Baldwin Messtechnik, 
a small (64 x 26 x 10 mm), light (20 g) and portable instrument (Yang et al. 2005 illustrate 
this instrument in their Figure 3).  
Growth strain may vary considerably within a tree, and more than one measurement is needed 
to reliably quantify strain. Raymond et al. (2002) examined a range of methods for assessing 
growth stress, by using strain gauges (up to 36 measurements taken at four aspects and nine 
heights), measuring board deflection, and by assessing end splitting. They concluded that two 
measurements of strain taken at or near breast height could provide an adequate and efficient 
estimate of growth stress that correlated well with other methods.  
Study site 
The study was conducted in a 9-year-old progeny trial (Johnson and Arnold 1998) at 
Boambee State Forest (30°18’S, 153°03’E, 60 m asl), south-west of Coffs Harbour, during 
January-February 2004. Boambee experiences a mild temperate climate (average daily 
temperature 14–23°C), with a median rainfall of 1585 mm. The soils are yellow podsolics 
over shale geology. 
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E. dunnii has a limited distribution in and near the Border Ranges of NSW and Queensland 
(Benson and Hager 1993, Boland et al. 1984, Specht et al. 1995). The Boambee progeny trial 
contains seedlings raised from 219 open–pollinated (family) seedlots collected from 
individual E. dunnii trees in wild populations throughout most of this range. These seedlots 
were collected by the CSIRO Australian Tree Seed Centre between 1986 and 1991, and 
represent 21 different provenances, numbered 1–21 from north to south. Each seedlot was 
represented in the trial by six replicates of 4-tree row plots arranged as incomplete block 
designs with one-dimensional blocking within replicates. Trees were spaced at 3.0 m 
(between rows) x 2.4 m (within rows). 
The study site was previously an E. grandis plantation, which was clearfelled at age 40.  
Logging debris was pushed into wind-rows and burnt in the spring of 1994. A winged ripper 
pulled by a crawler tractor ripped planting lines to a 50-60 cm depth between the stumps. 
Regrowth of woody weeds was sprayed with glyphosate herbicide in December 1994. The 
trials were hand-planted in February 1995 with sun-hardened seedlings in Hiko V93 cells. 
Within a month of planting, each seedling received one 20 g Langley Tree Tablet (N 20%: P 
4.4%: K 8.2%: S 6.0%), buried 10 cm deep about 15 cm away from the seedling. Thinning at 
age 4 removed the poorest 2 trees from each 4-tree row plot, based on a subjective estimate of 
tree volume and stem form (Johnson and Arnold 1998). At the time of last measure in late 
2003, trees averaged 23 cm diameter (breast height, over bark) and 28 m in height. 
Method 
Fifty-two families from fifteen provenances were selected for strain measurement on the basis 
of their superior growth performance. All the standing trees of these families and provenances 
(164 trees in all) were measured with resistance strain gauges in accordance with the 
procedures outlined by Yoshida and Okuyama (2002). Some of the trees were also measured 
with the DD1 transducer (in addition to the standard resistance gauge measurement). The 
DD1 was not available in Australia at the time this study commenced, and was used on only 
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the final 18 trees assessed in this study. Because of this small sample and haphazard selection, 
strain estimates from the DD1 were not used to rank families. The DD1 results are reported 
only because the instrument has not previously been compared with more established 
methods (Yang et al. 2005). 
Resistance strain gauges require a window to be cut into the bark so that the gauge can be 
glued to the cambium and initialized. Once that is done, growth stress is released by making 
small cuts above and below the gauge, and the strain is recorded on the gauge. The time-
consuming part of this procedure is cutting the window in the bark, gluing the gauge in place, 
and allowing the glue to cure. The precision part, of initializing the gauge, cutting the slot, 
and recording strain must be done carefully, in calm conditions. Thus it is prudent to cut the 
windows and place the gauges in advance (e.g., the afternoon before), and to read them the 
following day (e.g., at dawn, and for as long as calm conditions prevail).  
The placement of the window and the cut is critical to accurate measurement of strain. Two 
measurements per tree are needed to get reliable data (Raymond et al. 2002). Notwithstanding 
the Muneri et al. (1999) finding that orientation does not matter, we standardised 
measurements by aligning them in the plane of any tree lean (i.e., on the ‘up’ and ‘down’ side 
of any lean) or crown asymmetry where present, to record the minimum and maximum strain 
present in each tree. A portion of the bark at breast height was carefully removed to expose 
but not affect the cambium. The cambial surface was scraped to remove the differentiating 
xylem and then cleaned with ethyl alcohol (Yoshida and Okuyama 2002). The strain gauge 
was glued on the cleaned surface using cyanoacryalate-based glue, and the bond was allowed 
to cure. 
When the tree was re-visited to record the strain, a wire was soldered to the strain gauge using 
a flameless cigarette lighter, to connect to the gauge to the meter in a half-bridge 
configuration with a “dummy” gauge (of the same resistance, make and batch). For the 18 
trees measured using both resistance and transducer gauges, the DD1 was attached to the tree, 
astride and concentric with the pre-glued resistance gauge. The strain meter was initialized 
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(zeroed) and allowed to stabilize. When the fluctuation in the strain value was less than 20 
µm m-1 (micrometres per metre, or parts per million), the stress relaxation was initiated by 
making slots 10 mm above and below the strain gauge. These slots were standardized at 
20mm deep and 20mm wide with a battery-operated hand drill (with a 6mm drill-bit and a 
sleeve to ensure a consistent depth; Figure 1). 
[FIGURE 1 NEAR HERE] 
Results 
Preliminary analysis of the data revealed four outliers (trees 162, 584, 2808 and 3272). A 
Box-Cox procedure (Box and Cox 1964, 1982) indicated that a square-root transformation 
was appropriate to normalize these data. After this transformation, the data were close to 
normal (Figure 2), with mean 883 µm m-1 and standard deviation about 240 µm m-1, after 
back-transforming. The four outliers are clearly evident in Figure 2, and represent trees with 
severe lean (tree 584), or situations where wind gusts were experienced during stress release 
(trees 162, 2808 and 3272). These outliers were omitted from further analysis. 
[FIGURE 2 NEAR HERE] 
Subsequent analyses revealed that all 15 provenances exhibited wide variation in strain, with 
some individuals in most provenances exhibiting high levels of strain (Figure 3). Two 
exceptions were provenances 10 and 13, both of which exhibited many individuals with low 
strain, and small mean values. Provenances 6 and 10 both include an individual with 
unusually high strain, but as there was no reasonable basis to exclude these data, they were 
included in all analyses.  
[FIGURE 3 NEAR HERE] 
The present study involved 52 families, so an illustration comparable to Figure 3 at the family 
level is too crowded to interpret. Figure 4 offers a summary of seven families of interest, 
representing the best and the worst of the families. This simple summary illustrates the great 
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variation between families and indicates that strain is not merely a product of stem size or 
growth rate. 
[FIGURE 4 NEAR HERE] 
[TABLE 1 NEAR HERE] 
An analysis of variance (Table 1) confirms these effects. Replication (five plots) is not 
significant, and the main effect is genetic (family). The combined effect of provenance and 
family is highly significant (F51,163=1.88, P=0.0015). The height-diameter ratio of trees is also 
significant (P=0.031): 
Strain = (Familyi +4.96 Ht/Dbh) 2 (1) 
where Strain is measured growth strain (µm m-1), Familyi is the family mean (e.g. 25.24 for 
Family 1), Ht/Dbh is tree height (m) divided by diameter at breast height over bark (cm, 
s.e.=1.80). This suggests that tall thin trees are likely to exhibit more strain than short thick 
trees. This equation was used to prepare Figure 5, which illustrates the expected strain in a 
tree with an average height-diameter ratio (1.24 m/cm) within each family. 
[FIGURE 5 NEAR HERE] 
Several other environmental factors were also examined, but were found to be non-
significant. Time of day, temperature, humidity, wind speed (note that measurements were 
not taken if strain fluctuation exceeded 20 µm m-1) and date of measure were all non-
significant (P>0.4). 
Table 1 illustrates that both provenance, and family within provenance, have a significant 
influence on the expression of longitudinal growth strain. A more formal analysis using 
restricted maximum likelihood estimation (ASREML, Gilmour et al. 1999) indicates a 
heritability of 0.52 (s.e.=0.27, P=0.027), using the conventional assumption that open-
pollinated trees have a relatedness coefficient of 4. With the more conservative assumption of 
a relatedness coefficient of 2.5 (to account for the fact that open-pollinated progenies may 
comprise a mixture of self and outcrosses, Griffin and Cotterill 1988), the heritability is 
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estimated as 0.32 (s.e.=0.17, P=0.027). In either case, the heritability is significant, and offers 
the prospect of worthwhile gains through conventional tree breeding. 
The DD1 transducer gave readings consistent with the resistance gauges. Initial attempts to 
use with both strain gauges in a concentric configuration were not always successful, and the 
DD1 was sometimes bumped or dislodged. As a result, 29 paired strain observations were 
available from 15 of the 18 trees measured with both approaches. Regression analyses 
revealed a close linear correlation (r2=0.89, P<0.001), with no evidence of curvature (P>0.8) 
or heterogeneous variance (P>0.9). The raw DD1 readings indicated strain estimates 23% 
higher than the resistance gauges (t=7.6, P<0.001), because the DD1 had not been calibrated 
after fitting the pins for use on trees. Subsequent laboratory tests confirmed the close 
correlation between the DD1 and resistance gauges (r2≥0.99). The highest correlations were 
obtained when the DD1 pins penetrated 1 mm into the xylem  (r2≥0.999); when the pins were 
pressed 2 mm into the wood, the correlation decreased slightly (to r2=0.99) and a discrepancy 
was observed (the DD1 was consistently 30% lower). The utility of the DD1 is undergoing 
further evaluation, but field staff consider that the DD1 is quicker and more convenient to use 
than the glue-on resistance gauges. 
Discussion 
Individual trees in the 9-year-old Eucalyptus dunnii plantation under investigation exhibited 
growth strain in the range 360-1560 µm m-1. Growth stress is of little consequence for 
pulpwood, but is of concern in solid wood products. Most (90%) of the trees studies exhibited 
growth stresses above 650 µm m-1, the level at which processing losses become apparent (Prof 
J Walker, University of Canterbury, pers. comm.), so the issue is topical and warrants 
research and management. Four avenues for managing growth stress may be considered: 
longer rotations, silviculture, tree breeding, and new processing techniques. Longer rotations 
may alleviate growth stress, but may be neither economically nor politically feasible in NSW. 
No published studies have demonstrated a reduction in growth stress through silviculture, but 
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this aspect may warrant attention, given the extent and nature of the resource in the region. In 
the short term, new technology such as the Hewsaw (Kaliteevskii 2003) offers some promise 
to alleviate problems with growth stress, but in the longer term, the best option appears to be 
tree breeding to reduce growth stress in future plantings. Our data imply a heritability of 0.3–
0.5, which suggests that conventional tree breeding could offer a substantial change in the 
propensity of trees to develop growth stress. This warrants urgent attention. 
Conclusion 
Nine-year-old plantation-grown Eucalyptus dunnii exhibit longitudinal growth strain in the 
range 360–1560 µm m-1, with 90% of trees exhibiting stress sufficiently high to be of concern 
to sawmillers. As the tendency to form high growth stress is heritable (h2=0.3–0.5), there is 
scope to reduce growth stress through conventional tree breeding. Three families with 
particularly low growth stresses have been identified. 
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Figure 1. E. dunnii tree during strain measurement. The flagging tape indicates that the tree 
has been prepared ready for measurement. 
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Figure 2. Strain data compared with the square of the cumulative normal distribution 
(N~(29.7,4.0)2). The four outliers are evident at top right, and are shown as solid circles. 
Mean strain is 883 µm m-1, and about 10% of trees have strain less than 600 µm m-1. 
 17 
300
600
900
1200
1500
13 10 3 12 2 17 16 15 6 11 7 8 14 1 9
Provenance
Strain
 
Figure 3. Strain measurements within each of 15 provenances, showing strain in individual 
trees (o) and for provenance-wide averages (–). Provenances 10 and 13 are noteworthy, 
having generally low values of strain, as well as small mean values. Note that provenances are 
numbered systematically from north to south. 
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Figure 4. Strain measurements within selected families illustrating the best and worst 
performance amongst families sampled by 2 or more individuals. Vertical lines indicate the 
mean strain plus and minus one standard error. The figure illustrates Families 25 (smallest 
mean dbh), 26 (shortest mean height), 15 (largest mean strain), 5 (highest variance), 33 
(highest minimum, i.e., all samples ≥ 1038 µm m-1), 13 (tallest mean height, and lowest mean 
strain), and 8 (largest mean dbh). 
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Table 1. Analysis of variance (ANOVA) for strain showing the influence of family. 
 
Total Change Source 
df SS df SS MS 
F P  
Mean 219 3505.23       
Replication 215 3409.35 4 95.88 23.97 1.85 0.121 ns 
Provenance 201 3029.14 14 380.21 27.16 2.10 0.014 * 
Family (within 
provenance) 
164 2168.37 37 860.77 23.26 1.80 0.007 ** 
Tree ht/dbh ratio 163 2106.79 1 61.57 61.57 4.76 0.031 * 
Residual   163 2106.79 12.92    
 
 
